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Abstract. With the arrival of the monsoonal rains and

after months of inactivity during the dry season, the terres-

trial crab Gecarcoidea natalis embarks on its annual breed-

ing migration to the coast. The physiological demands of the

migration were assessed by determining respiratory gases in

the hemolymph, key metabolites, and energy stores in G.

natalis during two migratory seasons. At the end of each

day of migration the pulmonary hemolymph Po2 decreased

by 1-2.5 kPa, but the hemocyanin remained saturated with

O, and the venous reserve was largely unchanged (O :
> 0.4

mmol 1~'). The breeding migration of red crabs was

accomplished without recourse to anaerobiosis, even though

at times walking speeds (up to 6.2 0.5 m min" 1

)

exceeded those that promoted anaerobiosis in non-migrating

crabs and in crabs exercised in the laboratory. In contrast to

all previous studies, at the end of each day of migrating, red

crabs experienced an alkalosis (up to 0.1 pH units) rather

than any acidosis. This alkalosis was removed overnight

when the crabs were inactive.

Although there were seasonal fluctuations in the glyco-

gen, glucose, and triglyceride stores, crabs engaging in the

migration did not draw on these stores and must have fed

along the way. In contrast, crabs returning from breeding

activities on the shore terraces had significantly depleted

glycogen stores. Additionally, in 1993, the male crabs re-

turning from the breeding activities on the terraces were

dehydrated and experienced a decrease in muscle tissue

water of 11%. In contrast to the breeding migration per se,

fighting for burrows in which breeding occurs produced
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severe anaerobiosis in males, especially the victors: after

1 35 s of combat, the maximum L-lactate concentration in the

hemolymph was 35 mmol 1~'. It appears that burrowing,

courtship, and mating are more demanding than the migra-

tion itself. Furthermore, the data provide evidence that the

metabolic responses of migrating individuals of G. natalis

might be different from those at other times of the year.

Introduction

All terrestrial gecarcinid crabs must migrate to the coast

to release their eggs into the ocean (Gibson-Hill, 1947;

Gifford, 1962; Klaassen, 1975; Wolcott. 1988; Adamcze-

wska and Morris, 2001). However, the annual breeding

migration of Gecarcoidea natalis, the Christmas Island red

crab, is unique among the gecarcinid crabs for a number of

reasons. Red crabs live further inland than most other ge-

carcinids (e.g., Bliss et al., 1978; Wolcott and Wolcott,

1985) and must thus travel farther to reach the coast. Fur-

thermore, the red crabs undertake their migration during

daytime, immediately after the arrival of the monsoonal

rains and following extended periods of inactivity during

the dry season. Since the migration is closely synchronized

with the lunar cycle, when the rains in some years arrive

late, the red crabs may have to make their downward

migration in a relatively short period of time if they are to

complete their burrowing and courtship activities. The red

crabs may have to travel more than 4-5 km in 5-6 days

during "rushed migrations" (Adamczewska and Morris,

2001).

The severity of exercise is often determined by measure-

ments of metabolic rate as well as acid-base status and key

metabolites in the hemolymph and muscle tissue. An exten-
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sive body of literature demonstrates that most crustaceans,

including red crabs, tend to have low aerobic scope and rely

on anaerobiosis to partially support locomotor activity (e.g.,

review: McMahon. 1981; Booth and McMahon, 1985; Head

and Baldwin. 1986; Herreid and Full, 1988; Greenaway et

al.. 1988; Forster et al., 1989; van Aardt, 1990; Henry et a!..

1994; Adamczewska and Morris, 1994b, 1998a). During

their migration, red crabs must sustain locomotion for up to

6 consecutive days to reach the shore terraces where the

males construct and defend burrows and engage in mating

activities (Hicks et al., 1990; Green, 1993, 1997; Adam-

czewska and Morris, 2001).

Laboratory studies of exhausting locomotion revealed

information about the respiratory physiology of the crabs

and indicated that they have no exceptional exercise ability

(Adamczewska and Morris. 1994a, b). The gills and lungs

of G. natalis are involved in gas exchange to different

degrees, depending on the severity of exercise (Adamczew-

ska and Morris. 1994a. 1998a; Farrelly and Greenaway.

1994). During exercise, G. natalis experienced the classical

respiratory and metabolic perturbations found in other crus-

taceans during exercise; that is, hemolymph acidosis, in-

creased ventilation and heart rate, and elevated glucose and

L-lactate concentrations (Wood and Randall. 198 Ib; Booth

etal., 1984; Herreid and Full, 1988: van Aardt 1990; Henry
et al., 1994; Thorpe et al., 1995). The aerobic scope of red

crabs was surprisingly poor, implying little scope for in-

creased locomotion; despite the fact that the hemocyanin
remains saturated with O2 when leaving the gas exchange

surfaces. G. natalis accumulated very high levels of lactate

during exercise in the laboratory (Adamczewska and Mor-

ris, 1994b).

Intermittent locomotion can increase the total distance

walked before the onset of fatigue in ghost crabs (Weinstein

and Full. 1992) and thus could present an important loco-

motor strategy for migrating crabs. However, red crabs in

the laboratory incurred greater respiratory and metabolic

perturbations during enforced intermittent locomotion than

during continuous exercise (Adamczewska and Morris,

1998a). The crabs became anaerobic even though their

walking speeds were within the range recorded for red crabs

during the migration (Adamczewska and Morris, 2001).

On Christmas Island, seasonal differences in respiratory

status and metabolite concentrations in free-ranging red

crabs were related primarily to a higher level of basal

activity in the crabs during the wet season (Adamczewska

and Morris. 2000). When required to walk for 5 min.

non-migrating crabs responded to exercise in essentially the

same way during both the wet and the dry seasons. The

responses of the crabs to non-exhausting exercise in the

field during either season were comparable to those in the

laboratory studies (Adamczewska and Morris. 1998a; 2000)

and did not help explain how this species completes the

annual breeding migration. The conditions and circum-

stances of the migration cannot be simulated in the labora-

tory nor replicated outside of the migration season. Thus,

understanding the physiological processes involved and the

consequences for migrating red crabs could only be ad-

dressed by making determinations in situ as the crabs jour-

neyed to the ocean to breed.

The migration is the most intense period of activity

during the year. Its physical demands immediately follow

prolonged periods of inactivity during the dry season, when

the crabs may spend up to 2 months in their burrows (Green,

1993). This abrupt change in activity levels demands a

sudden change in energy metabolism and is compounded by

the fact that the red crabs have reduced foraging opportu-

nities because of the unfavorable environmental conditions

during the dry season. Because the migratory activities are

energetically demanding, they may require the use of stored

metabolic fuels. Indeed, crustaceans are known to have

substantial lipid and glycogen reserves in the midgut gland

and in muscle tissues, which are utilized during starvation

(e.g., Parvathy, 1971; Pillay and Nair. 1973; Gibson and

Barker. 1979: review: Chang and O'Connor, 1983; Nishida

etal.. 1995).

G. natalis appears to have no superior locomotor abilities

compared to other crabs, and this raises a number of ques-

tions. Primarily, is there a significant change in the respi-

ratory physiology and metabolism at the onset of the mi-

gration, such that a different exercise regime can be

supported? This could include, for example, tolerating an

exceptional diurnal anaerobiosis and O, debt. Is prolonged

locomotion facilitated by a reliance on stored fuels? Do the

migrating crabs tolerate physiological perturbations such as

dehydration and acidosis that limit their behavior at other

times? These factors could circumscribe the potential mi-

gratory strategy of this species. Do the male crabs attempt to

reach the terraces as fast as possible to obtain the best places

for burrowing, arriving in less than peak condition? Alter-

natively, do they take more time to complete the downward

migration thus arriving at the shore terraces fit for combat,

with ample energy stores and then attempt to displace

already resident crabs from their burrows?

The comprehensive description of the red crab migration

(Adamczewska and Morris, 2001 ) provided a context for the

first field investigation of the respiratory physiology and

metabolism of migrating terrestrial crabs. The field investi-

gations were carried out on Christmas Island during two

migrations as well as in the inter-migratory period to assess

annual as well as seasonal differences. Metabolites were

measured in the hemolymph and muscle of migrating crabs

during breeding activities and after the migration. The func-

tion and functioning of the respiratory and circulatory sys-

tems in gas exchange and transport were also determined.

Stores of metabolic energy were quantified at various stages

of the migration, and their importance in facilitating the

migration and the associated breeding activities was as-
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Figure 1. Map of Christmas Island showing the location of the ANCA(Parks Australia) field station and the

locations of sampling sites prior to the start of the migration and during the migration.

sessed. The data were interpreted together with the behav-

ioral and ecological information to provide a model for

migrating individuals of G. natalis.

Materials and Methods

Respiratory gas and acid-base status in the hemolymph

Red crabs (Gecarcoidea natalis) were sampled in the

field during two migration seasons (November and Decem-

ber) of 1993 and 1995. To assess the functioning of the

respiratory surfaces and the circulatory system in gas ex-

change and transport to and from the tissues, hemolymph
was sampled at various times and analyzed for respiratory

gases and pH. Hemolymph was sampled from three groups

of crabs in 1993 and from two groups in 1995. In 1993 the

first group of crabs was sampled at the end of the dry season

prior to the start of the migration, during the limited amount

of time when they were found outside of their burrows (/;
=

12: 6 males and 6 females). The study site for this group was

a 5-min drive from the ANCA (Parks Australia) Field

Station ('Pre-mig study site': Fig. 1). In 1995 the migration

of the red crabs commenced earlier than expected ( Adam-

czewska and Morris, 2001 ). and thus it was not possible to

obtain samples from resident red crabs in the immediately

pre-migratory condition.

The remaining sample groups were composed of crabs

migrating down to the coast. Two groups were sampled

during both the 1993 and 1995 downward migration at the

same site located on Murray Road near the junction of Jedda

Cave Road (Fig. 1). Crabs sampled before sunrise, after

"sleeping" the whole night, were designated as the morning,

or "AM", group. Red crabs become immobile and unrespon-

sive at night and "sleep" with their eyestalks folded down.

The second group, referred to as the "PM" group, consisted

of crabs sampled in the afternoon, at about 1630, after they

had been walking for most of the day (Adamczewska and

Morris, 2001) and had crossed Murray Road towards the

shore terraces and the coast. In 1993 the AMand PM samples

were taken on each of 5 days, and thus n = 5 for each group:

in the slower migration of 1995. n = 9 for each of AM and

PM sample groups. Hemolymph was sampled from large

individuals of both sexes, but most often from male crabs

(Adamczewska and Morris, 2001).

Three types of hemolymph were sampled from each crab:

pulmonary (300 ju,l
from the post-pulmonary vessel, hemo-

lymph leaving the lungs): arterial (500 /id from the pericar-

dial cavity, a mixture of post-pulmonary and post-branchial

hemolymph): and venous hemolymph (700 /u,l
from the

venous sinus at the base of the last walking leg). The

samples were analyzed for O2 content ([O 2 ]) and partial

pressure (Po,), CO2 content ([CO 2 ]), and pH at the ANCA
Field Station as described previously by Adamczewska and

Morris (1996). An aliquot of the remaining hemolymph was

deproteinized with HC1O., (0.6 mol 1~', ratio 1:1) and
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neutralized with 2.5 mol I

' K2CO, for analysis of L-

lactate. The deproteinized sample and the remainder of

whole hemolymph were stored frozen until further analysis

of metabolites, calcium, and osmotic pressure (see below).

The percentage of Hc-O^ saturation was determined as

described previously by Adamczewska and Morris (1996).

Metabolites, metabolic fuels, and hydration state of the

hemolymph and tissues

Glucose, L-lactate, and urate were measured in the hemo-

lymph and leg muscle tissue to assess the extent of anaer-

obiosis and accelerated glycolysis in the crabs during the

migration. Additionally, glycogen and lipids (triglycerides)

were measured in the midgut gland (MGG) and the leg

muscle as indices of metabolic fuel reserves. Hemolymph
[Ca] was measured as an index of exoskeleton decalcifica-

tion, which can be important in providing HCO, base from

CaCO, in response to acidosis (e.g., Henry et ai, 1981).

Sampling protocol. Samples of leg muscle, MGG. and

venous hemolymph were collected from free-ranging male

and female red crabs prior to the start of the migration (n =

6 males and 6 females) during the 1993 migration season.

Leg muscle tissue and venous hemolymph were collected

each day of the downward migration in both 1993 and 1995:

in the morning before sunrise (AM, /;
== 4) and in the

afternoon at about 1630 (PM, n -- 4). To minimize the

number of sacrificed animals, samples of the MGGwere

taken only from the PM group.

During the 1995 season, no samples could be taken from

crabs prior to the start of the migration; however, to provide

a comparison, samples were taken from non-migrating

crabs on the 10th day of the downward migration (color-

coded crabs that did not leave their home ranges; Adam-

czewska and Morris, 2001 ).

Muscle, MGG, and hemolymph samples were also taken

from crabs that had arrived at the lowest shore terraces but

had not yet begun breeding activities (terrace: n =
8). Male

(/;
= 8) and female (n = 8) red crabs were sampled during

their respective return migrations from the shore terraces to

the plateau, during both migration seasons. The site of

sampling for the crabs returning from the terraces was the

same as for the downward migration (Fig. 1).

Samples of the MGGand leg muscle were also taken

from crabs during the times of the year when the crabs were

not involved in breeding activities: in June 1994 (the middle

of the dry season) and in February 1995 (the wet season 2

months after breeding activities ended). These samples were

analyzed for energy stores in the form of glycogen and

triglycerides (see below).

Hemolymph analysis. In the laboratory, hemolymph sam-

ples were analyzed for L-lactate (Boehringer Mannheim test

kit #138 084). glucose (Sigma Diagnostics test-kit #510),

and urate (Sigma Diagnostics test kit #685). Osmotic pres-

sure was determined using a vapor-pressure osmometer

(Wescor 5IOOC) calibrated with two precision standards,

290 and 1000 mOsm, containing NaCl. The concentration

of Ca in the hemolymph was measured with an atomic

absorption spectrophotometer (GBC 906, Melbourne). To

suppress interference, samples and standards were diluted

with 7.2 mmol 1
' LaCl 3 .

Tissue extraction and analysis. Leg muscle tissue was

obtained by encouraging a crab to autotomize the second

walking leg. The muscle tissue from the leg was immedi-

ately removed (0.3 g) and deposited into a preweighed

tube with 2 ml of ice-cold HC1O4 (0.6 mol 1~ ') to depro-

teinize the sample. The vials with the muscle tissue were

weighed and then homogenized with an OMNI 1000 ho-

mogenizer (6-mm generator) and frozen until further pro-

cessing and analysis (see below). Muscle tissue was also

removed from another leg, weighed, and dried in an oven at

60 C; the dry weight was recorded and the percentage of

tissue water calculated.

Crabs were weighed and anesthetized by cold narcosis

before removal of the MGG.The carapace was lifted and all

of the MGGremoved and weighed. One portion of the

MGGwas deproteinized in a preweighed tube with 2 ml of

ice-cold HC1O4 (0.6 mol 1~
'

) and homogenized in the field

for later analysis. A second portion of MGGwas set aside

for triglyceride analysis. The remainder of the MGGwas

weighed and dried in an oven at 60 C; the dry weight was

recorded and the percentage of tissue water calculated. All

samples to be analyzed for metabolites, lipids, and ions

were kept frozen and transported on dry ice.

In the laboratory, muscle and MGGsamples previously

deproteinized with HC1O4 were homogenized with a glass

homogenizer (Wheaton type) to obtain a finer homogenate.

The homogenates were centrifuged in a refrigerated centri-

fuge for 15 min at 5300 X g, the supernatant was removed,

and the pellet was resuspended in 0.7 ml of 0.4 mol 1

'

HC1O4 and centrifuged again. The second supernatant was

removed and pooled with the first; the combined superna-

tant was neutralized with 0.8 ml of K
: CO3 (3.75 mol 1~ ')

and kept in an ice bath for 1 h. After another centrifugation,

the final supernatant was removed and used for analysis.

The concentrations of metabolites in the muscle tissue were

expressed as millimoles per kilogram of wet tissue mass.

The deproteinized and neutralized leg muscle samples

were analyzed for L-lactate (Boehringer Mannheim test kit

#138 084). Additionally, the samples from both leg muscle

and MGGsamples were analyzed for glucose and glycogen

by using a modified method described in Bergmeyer ( 1985).

Briefly, amyloglucosidase (Boehringer Mannheim Cat.

#208 469) made up to > 10 kU I"
1

in an acetic acid buffer

at pH 4.8 was used to hydrolyze glycogen into glucose

during a 2-h incubation, with shaking, at 40 C. At the end

of the incubation the enzyme was denatured by addition of

0.6 mol 1

' HC1O4 . The solution was centrifuged at
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10,000 X g for 10 min and the supernatant used for glucose

analysis. For each sample, free glucose was also measured

and subtracted from the glucose content obtained from the

glycogen digestion.

Frozen MGGsamples were analyzed for triglycerides by

first homogenizing a sample with an equal mass of gum
arabic (Sigma Catalog #G-9752) and 15 parts of bovine

serum albumin (6% w/v Boehringer Mannheim Catalog

#100-030) in a fine glass homogenizer (Wheaton type) at

55 C. This homogenate was then diluted 1:10 with 6%w/v

bovine serum albumin and used for triglyceride analysis

(Sigma test kit #334-A). Triglyceride levels in the muscle

tissue of red crabs were not detectable by this method.

Terrace activities

During the 1995 migration, concentrations of lactate,

glucose, and urate were measured in the hemolymph as

indicators of anaerobiosis and the intensity of male combat.

Only male-male interactions involving physical contact

were considered. Male crabs on the shore terraces were

observed and if a fight was noticed, its duration was re-

corded. Fights lasting less than 10 s were not considered.

The fight was considered to have ended when the victor

remained in possession of the burrow and the loser retreated

or was chased away by the other opponent. At this point

both crabs were promptly captured (within 5 s) and hemo-

lymph was withdrawn from the venous sinus by puncturing

the arthrodial membrane. The design of the experiment

dictated that fights could be used only if they occurred near

the observer and only if they were observed from start to

finish. A total of 14 fighting pairs were sampled over 4 days

of breeding activities on the terraces. Hemolymph samples

were also taken from six male crabs resting at the entrance

of their burrows; these were used to determine the basal

metabolite status of male crabs on the terraces during the

breeding activities. The hemolymph samples were treated

and stored as described above and analyzed in Sydney for

glucose, L-lactate, and urate.

Statistical analysis

The data were tested for homogeneity of variances using

Bartlett's ^ test, and any heterogenous data were log- or

square-root transformed. Respiratory gas data were ana-

lyzed using two-factor ANOVAfor the three hemolymph

types (pulmonary, arterial, and venous) and the different

sampling groups in each season. Seasonal differences be-

tween the AM and PM groups were also examined by

ANOVA.
Statistical analyses on tissue and hemolymph metabolites

and on water and ion measurements between the AMand PM

samples for the days of downward migration were carried

out by two-factor ANOVA. If no difference between the AM

and PM groups was detected, then the data were pooled for

each day for further analysis by ANOVA. Analyses between

tissue types and between the two sampling seasons were

also carried out where appropriate. Post hoc testing was

done using the Tukey HSD multiple comparison test. All

analyses were performed using the Systat for Windows 5.0

statistical package. The samples from fighting males were

analyzed by analysis of co-variance (ANCOVA). Signifi-

cance level was taken as P = 0.05 in all cases. All data are

presented as mean SEM.

Results

There were no differences in hemolymph respiratory

gases, acid-base balance, metabolite concentrations, or en-

ergy stores of male compared with female crabs at the end

of the dry season in 1993. Therefore, these data were pooled

and from here on are referred to as the "resident pre-mig"

group.

Oxygen in the hemolymph

The P
p
o 2 [efferent pulmonary oxygen partial pressure

(Po 2 )] was consistently higher than the Pao 2 (arterial Po2 ) in

both 1993 and 1995 (Fig. 2). The Pv o 2 (venous Po2 ) was

always lower than the Pao 2 and the P
p
o 2 . During the 1995

migration, the hemolymph Po 2 of the PM group was statis-

tically lower than in the AMgroup (Fig. 2). In 1993, although

the Po2 in the pulmonary hemolymph (8.26 2.20 kPa) of

the AM group was 3.5 kPa higher than in the PM group (Fig.

2), there was no overall statistical difference between the

crabs in these two groups.

The O2 content ([O-,]) of the hemolymph was similar in

both migration seasons (Fig. 3). The O2 content of pulmo-

nary hemolymph ([O 2 ] p
= 1.13 and 0.96 mmol F 1

in 1993

and 1995 respectively) was very similar to the arterial

values, but [O 2 ] in venous hemolymph decreased signifi-

cantly, to about 0.50 mmol 1~'. in both seasons. The AM

group sampled during the 1993 migration season was an

exception because the arterial [O 2 ] was significantly lower

than the pulmonary hemolymph concentration. Addition-

ally, in 1993, the [O 2 ] v in the AM group was significantly

greater than in the pre-mig group (Fig. 3).

The saturation of hemocyanin (He) with O2 varied be-

tween samples in a manner similar to that of the [O 2 ], The

O-, saturation of the pulmonary hemolymph was high

(mean = 102 6%) and similar to the He saturation of

arterial hemolymph except in the AM group of 1993, in

which the arterial hemolymph was only 74% saturated. In

comparison, the mean Hc-O 2 saturation of venous hemo-

lymph decreased significantly in both seasons, to 43% in

1993 and 63% in 1995 (P < 0.001 ).

Carbon dioxide content and pH of the hemolymph

The pH of pulmonary, arterial, and venous hemolymph

was similar within each group of red crabs sampled (Fig. 4);
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Figure 2. Oxygen partial pressure (Po 2 , kPa) in the pulmonary, arte-

rial, and venous hemolymph of Gecarcoidea natalis during two migration

seasons, 1993 (top panel) and 1995 (bottom panel). Morning and afternoon

groups were sampled during both migration seasons (n = 5 in 1993: n =

9 in 1 995 ). Top panel ( 1993 season I includes measurements of Po2 in crabs

sampled 1 week prior to the start of the migration (pre-mig n = 121. The

letters "p" and "a" indicate that the mean is significantly different from that

of pulmonary or arterial hemolymph respectively, within a sample group.

The * symbol next to the legend indicates a significant difference between

the AM and the PM groups.

thus, for further analysis between groups, the pH for the

three hemolymph types was pooled for each sample group.

The resident pre-mig red crabs in 1993 had a mean hemo-

lymph pH of 7.61 0.03, which decreased significantly

after the onset of the migration to near 7.4 (Fig. 4). Most

interestingly, the hemolymph was more acidic in crabs

sampled in the morning (AM pH = 7.35 0.07) than in

crabs sampled in the afternoon (PM pH = 7.46 0.06, P <
0.001 ). A similar alkalosis at the end of the day of migration

was seen in 1995 (AM-PM difference of 0.042 pH units) but

was less significant than during 1993 (P = 0.068; Fig. 4).

There was no difference in hemolymph CO2 content

([CO 2 ]) between pulmonary, arterial, and venous samples

within any one group of red crabs sampled (Fig. 5). During

1993, the [CO 2 ] in the hemolymph of migrating crabs was

significantly greater than in the resident pre-mig crabs

( mean [CO 2 ]
= 9.8 0.8 mmol -1

'

). In addition, the [CO 2 ]

in the hemolymph of the PM group was significantly greater

than that of the AM group; the concentration was 3.3 mmol
r 1

higher in 1993 and 1.7 mmol T 1

higher in 1995

(Fig. 5).

Hydration state of red crabs during migratory activities

There were no differences in the hydration state of crabs

at the start and the end of a day walking; the AM and PM

samples were thus pooled for each day. In the 1993 season

the percentage of water in crab leg muscle was very stable

during the entire downward migration (range 77.2%-

78.3%) and, importantly, did not differ from that of the

pre-migratory crabs (76.1% 0.4%). However, the male

crabs returning from the shore terraces were dehydrated: the

percentage of water in their muscle tissue was 11% lower

1993
D -

Pre-mig
- am
- pm

pa

1995

Pulmonary Arterial

Hemolymph

Venous

Figure 3. Oxygen content ([O 2 ], mmol -1 ') in the pulmonary, arte-

rial, and venous hemolymph of Gecarcoidea natalis during two migration

seasons, 1993 (top panel) and 1995 (bottom panel). Morning and afternoon

groups were sampled during both migration seasons (n = 5 in 1993; n =

9 in 1995). Top panel (1993 season) also includes measurements of [O,] in

crabs sampled 1 week prior to the start of the migration (pre-mig n = 12).

The letters "p" and "a" indicate that the mean is significantly different from

that of pulmonary or arterial hemolymph within a sample group. The pair

of A symbols denote a significant difference in venous O2 between the

resident pre-mig and AM crabs.
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Figure 4. The hemolymph pH of pulmonary, arterial, and venous

samples taken from Gecarcoidea natalis during two migration seasons.

1993 (top panel) and 1995 (bottom panel). Morning and afternoon groups

were sampled during both migration seasons (n = 5 in 1993; n = 9 in

1995). Top panel ( 1993 season) also includes measurements of hemolymph

pH in crabs sampled 1 week prior to the start of the migration (pre-mig n =

12). The * symbol next to the legend indicates a significant difference

between the AMand the PMgroups. The "R" denotes a significant difference

from the crabs at rest that is, from the resident pre-mig crabs.

than in all the other groups sampled in that season. In

contrast, during the 1995 migration season, both the return-

ing male and female crabs had a significantly higher amount

of water in muscle tissue (79.1%) than the crabs sampled

during the downward migration (days 5-7; range 75.2%-

76.9%).

The percentage of water in the MGGwas more variable

and significantly lower than in the muscle tissues, with a

mean of 57.0% 1.5% during the 1993 migration and

61.7% 2.4% in 1995. Crabs that did not participate in the

1995 migration were unusual in that water constituted only

45.4% 1.8% of their midgut gland.

The osmotic pressure of the hemolymph was more vari-

able than the percentage of water in the muscle tissue. The

osmotic pressure in the hemolymph of the AMand PMgroups

on any one day was the same, and thus the data for each day

were pooled for further analysis. The hemolymph osmotic

pressure was largely constant during the downward migra-

tion of both the 1993 (771 3 mOsm)and 1995 (803 4)

seasons; but in 1993 the osmotic pressure of crabs during

the downward migration was significantly lower than that of

the pre-mig crabs (815 7 mOsm) and the returning fe-

males (869 14 mOsm). Additionally, in both 1993 and

1995 the returning males had lower osmotic pressure (mean

699 16 mOsm) than did the crabs sampled during their

downward migration.

Calcium and urate concentration in the hemolymph

The calcium concentration in hemolymph of resident

pre-mig crabs (13.74 0.42 mmol F 1

) was significantly

higher than in all the other groups sampled in 1993 (mean

[Ca]
= 9.29 0.87 mmol -F 1

). During the 1995 migration

1993

D -
Pre-mig

-am
- pmg:

_

.,
1995

Pulmonary Arterial

Hemolymph

Venous

Figures. Carbon dioxide content ([CO,], mmo! 1 ') in the pulmo-

nary, arterial, and venous haemolymph of Gecarcoidea natalis during two

migration seasons, 1993 (top panel) and 1995 (bottom panel). Morning and

afternoon groups were sampled during both migration seasons (n = 5 in

1993 ;
= 9 i n 1995). Top panel ( 1993 season) also includes measurements

of [CO,] in crabs 1 week prior to the start of the migration (pre-mig n =

12). The * symbol next to the legend indicates a significant difference

between the AMand the PMgroups. The "R" denotes a significant difference

of a sample group from the crabs at rest that is, from the resident pre-mig

crabs.
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Table 2

Glucose and glycogen in the midgut gland of Gecarcoidea natalis (values given as mean SEM; sample size provided in parenthesis)

1993 migration! 1995 migration Non-migrating

Day in relation to
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2.67

Figure 7. The pH/Bicarbonate relationship for Gecarcoidea natalis

during two migration seasons. () 1993 and (O) 1995. The pre-migratory
values in 1993 were assumed to be applicable to the 1995 season. The

/>co, isopleths were constructed using the Henderson-Hasselbalch equa-
tion using aCO2

= 0.03962 and pK = 6. 1 . The non-bicarbonate buffer line

was adopted from Adamczewska and Morris (1994a).

that hemolymph shunting occurs between the gills and lungs

during locomotion in red crabs. Investigation of hemolymph
flow is now essential to determine the role of these two gas

exchange structures in O2 uptake.

During the migration, the Po2 of hemolymph leaving the

gas exchange surfaces varied between the groups of crabs

sampled (mean 3-7.7 kPa) but was within the range of

values recorded previously for this species (3.7-10.7 kPa:

Farrelly and Greenaway, 1994; Adamczewska and Morris,

1994a). Despite the differences in Po2 , the high affinity of

the He for O2 in red crabs (P 50
= 1.77 kPa: Adamczewska

and Morris, 1998b) ensured He saturation with O2 at the gas

exchange surfaces.

Excretion of CO2 was also maintained by walking crabs

during the migration, but without any internal hypercapnia.
Red crabs exercised in the field either before or after the

migration season exhibited significantly decreased hemo-

lymph CO2 content due to a metabolic acidosis imposed on

a respiratory acidosis (Adamczewska and Morris, 2000).

Conversely, each day of migration resulted in an increase in

hemolymph CO2 of 2-3 mmol 1~ ', which was of metabolic

rather than respiratory origin. Since the Pco, remained
constant and the diffusion gradient across the respiratory
surfaces was unchanged, the increase in CO2 did not indi-

cate impairment of CO-, excretion.

Acid-base perturbations

More detailed analysis using the Henderson-Hasselbalch

plot showed that the AMcrabs experienced a relative respi-

ratory acidosis compared with the pre-mig crabs (Fig. 7).

This acidosis (0.2 pH units) persists during the wet season

even after the migration is completed and appears to be a

simple consequence of the higher activity levels made pos-
sible by high relative humidity. (Adamczewska and Morris,

2000). Active red crabs must increase O^ uptake, and con-

sequently CO2 excretion is facilitated by an internal hyper-

capnic acidosis that improves the outward Pco^ gradient

(e.g., O'Mahoney and Full, 1984). Thus, the daily alkalosis

observed in migrating red crabs in both 1993 and 1995 was

superimposed on a seasonal acidosis brought about by in-

creased basal activity. Importantly, there was no evidence of

any additional respiratory acidosis as a result of walking
each day during the migration (Fig. 7).

The obvious metabolic alkalosis experienced by the red

crabs at the end of each day of migration contradicts all

previous studies of acid-base perturbations during locomo-

tion in crustaceans (e.g., McMahon el al., 1979; Smatresk et

ai, 1979; Wood and Randall, 1981b; review: McMahon,
1 98 1; Booth etal., 1984; Greenaway et al.. 1988), including

exercising red crabs (Adamczewska and Morris, 1998a,

2000). The alkalosis, which must originate either from the

removal of H+
from the hemolymph or the addition of

metabolic base, was removed overnight, only to reappear at

the end of the next day of migration. A diel de-calcification

of the exoskeleton to supply metabolic base in the form of

HCO,~ seems unlikely because since there was no evidence

of any change in hemolymph [Ca] between AMand PMcrabs;

such a change would normally accompany this process (e.g.,

Henry et al., 1981). A small increase in lactate concentra-

tion in the muscle of PM crabs in 1993 was not reflected in

any increase the hemolymph. Similarly, a large increase in

muscle lactate (values routinely near 6 mmol kg"
1

) seen in

relatively inactive free-ranging crabs in the dry season of

June 1994 was not reflected in the hemolymph (values only
0.72 mmol !"'). Furthermore, the muscle L-lactate concen-

trations of the relatively inactive dry-season crabs were

nearly 4 mmol kg~' greater than those of more active

wet-season crabs (Adamczewska and Morris, 2000). Clearly
there are some aspects of the dynamics of lactate and

possibly H+
distribution that are different in G. natalis and

require further investigation. The daily alkalosis experi-

enced by red crabs during their downward migration would

partially offset the wet-season acidosis and assist O2 loading

by increasing the oxygen affinity of the hemocyanin (Ad-

amczewska and Morris, 1998b).

Metabolism during breeding activities

Crabs generally do not possess high aerobic capacity and

tend to become anaerobic during enforced exercise

(Smatresk and Cameron, 1981; Booth et al., 1982; Herreid

and Full. 1988; Forster et al., 1989; Henry et al., 1994).

Hemolymph and tissue L-lactate levels may increase in

excess of 30 mmol 1~' in exercising crabs (e.g.. Green-

away et al., 1988: Milligan et al., 1989; Adamczewska and
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Morris, 1994b). Since anaerobiosis accumulates acid and an

O2 debt that must be repaid later (Wood and Randall, 198 la;

Ellington, 1983; Herreid, 1980), prolonged locomotion can-

not depend on the anaerobic provision of energy. In migrat-

ing red crabs the L-lactate concentrations in the hemolymph
and muscle tissue were generally low and comparable to

those measured in free-ranging crabs during the non-migra-

tory seasons (Adamczewska and Morris, 2000). Further-

more, L-lactate levels were similar during both of the mi-

gratory seasons, despite the fact that red crabs migrating in

1993 walked twice as far each day as those migrating in

1995 (Adamczewska and Morris, 2001). If the small diel

change in muscle concentration of lactate during the 1993

migration represented anaerobiosis, this would be equiva-

lent to only approximately 0.4 mmol ATP, or to 3-4 min of

resting O2 uptake (Adamczewska and Morris, 1994b).

Laboratory studies indicated that to cover a set distance in

a fixed amount of time, red crabs are better suited to

continuous travel than to periods of rapid walking inter-

rupted by periodic rests (Adamczewska and Morris, 1998a).

The mean daily walking speeds of red crabs (1.1 m min~ '

,

estimated from radio-tracking during the 1993 migration)

are within the range that this species is capable of support-

ing aerobically (Adamczewska and Morris, 1994b; 2001).

However, walking speeds measured for red crabs crossing

roads (e.g., 6.2 m min" 1

for returning females: Adamcze-

wska and Morris, 2001) show that sometimes during the

migration the crabs walk more than 4 times faster than can

be sustained aerobically under laboratory conditions. There

was an approximate doubling of muscle lactate in the re-

turning female crabs in 1993, to 6.34 mmol kg"
1

, but this

was again confined to the muscle, and lactate concentrations

remained low in the hemolymph (Table 1 ). This change in

muscle lactate represents only about 5 min of resting oxy-

gen uptake.

The possession of a burrow has direct consequences for

the breeding success of a male red crab. For male crabs,

defending a burrow was more strenuous than prolonged
locomotion during the downward migration. The basal he-

molymph [L-lactate] of crabs guarding their burrows was

elevated by more than 6 mmol 1"' compared with migrat-

ing crabs. Winning fights is energetically demanding, and

the levels of L-lactate (up to 35 mmol P 1

) measured after

combat were comparable to the concentrations recorded

after 45 min of intense exercise (Adamczewska and Morris.

1994b) or after many hours of hypoxia (Gade. 1984; Albert

and Ellington, 1985; van Aardt, 1988). G. natalis expends
much more energy in defending burrows than the aquatic

crab Necora puber expends in a fight under laboratory

conditions (Thorpe etal., 1995). The high levels of L-lactate

in red crabs either indicate an extreme effort put into win-

ning a fight or represent an accumulated sum of attempting

to win many fights. Since the losers of conflicts did not

show the same accumulation of L-lactate as the winners, the

decision to give up the fight is apparently determined early

on, so that the eventual loser minimizes his investment in

the conflict.

The metabolism of red crabs appears fundamentally al-

tered during the migration. The crabs exhibit a unique

metabolic alkalosis of the hemolymph that occurs only

during the migration: crabs exercised under field conditions

(Adamczewska and Morris, 2000) and in the laboratory

(Adamczewska and Morris, 1994b) show the classical

mixed respiratory/metabolic acidosis. The walking speed of

red crabs crossing roads and clearings was estimated to be

380% of the speed that can be sustained aerobically (Ad-

amczewska and Morris. 1994b, 2001), yet no significant

anaerobic metabolism was detected during the downward

migration. One possible conclusion is that the aerobic scope

of red crabs, which is otherwise unusually low (Adamcze-

wska and Morris, 1994b), is specifically increased for the

purpose of the migration. If so, the signals and processes by
which this is achieved are yet to be elucidated.

Storage and usage of metabolic fuels

The midgut gland and muscle tissue compose a large

portion of the body mass in crustaceans and are considered

to be major organs for the storage of metabolic fuel (Vonk,

1960; Chang and O'Connor, 1983; England and Baldwin,

1983;Tsaiefa/., 1984; Schirf etal., 1987). In G. natalis, the

muscle tissue stores glycogen, whereas the MGGis a major
site of lipid storage (Adamczewska and Morris, 1994b;

Morris, unpub. data). In animals, fatty acids are primarily

stored in the form of triglycerides, and in G. natalis tri-

glycerides were estimated to constitute about 70% of total

lipids in the MGG(380 mg lipid g"
1

dry tissue mass: S.

Morris, unpub. data). The lipid stores in brachyuran crusta-

ceans vary considerably between species, but total lipid

stores in the MGGcan reach 900 mg g
'

dry mass (Giese,

1966; Heath and Barnes, 1970; Parvathy, 1971; Kucharski

and DaSilva, 1991).

The glycogen stores in the muscle tissue of G. natalis

sampled in the field (1 1-64 mg glucose g~' dry mass) were

only a fraction of what this species is capable of storing

(250 mg glucose g"
1

dry mass, Adamczewska and Morris,

1994b) but were within the range found in other brachyuran

species (8-71 mg g"
1

dry tissue mass: Giese, 1966; Pillay

and Nair, 1973; Hilmy et al., 1986; Kucharski and Da Silva,

1991 ). Since the stores of metabolic fuels in red crabs in the

field were not exceptional, red crabs either lack special

requirements for large energy stores under natural condi-

tions or have no opportunity to accumulate such stores

(Greenaway and Linton, 1995; Greenaway and Raghaven,

1998).

Leaf litter is the major component of the diet of red crabs.

During the dry season, when the red crabs are largely

confined to burrows, a thick layer of leaf litter accumulates
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on the forest floor (Greenaway and Raghaven, 1998: Green

et al., 1999). Although glycogen stores in the muscle tissue

of red crabs appeared to decrease during the dry seasons

(June 1994 and pre-mig 1993), there was no corresponding

decrease in triglyceride levels nor in muscle protein (S.

Morris, unpub. data). More frequent sampling throughout

the year is now required to determine the seasonal impor-

tance of energy storage in this species.

During the two migratory seasons red crabs apparently

utilized neither triglycerides nor stores of muscle glycogen

during the downward migration. However, both male and

female crabs sampled on their return migration had substan-

tially reduced glycogen reserves in both the muscle and the

MGG. Interestingly, although the females stayed on the

terraces 2 weeks longer than the male crabs (Hicks et al.,

1990; Adamczewska and Morris, 2001), the glycogen re-

serves were depleted to a similar extent in both sexes.

Assuming that 20<7r of the body mass is muscle tissue

(Giese. 1966; Cameron and Wood, 1985) and using pub-

lished values of MO2 (212 jimo! O2 kg'
1

min~': Adam-

czewska and Morris, 1994b), the rate of glucose utilization

in red crabs during walking would be 0.636 mmol of glu-

cose per hour. The glycogen used by the red crabs during

either the breeding activities on the terraces or the return

migration was 26 and 53 mmol glucose kg"
1

in the two

seasons and would be sufficient to provide fuel for about

2.5 h and 5 h of activity in 1993 and 1995 respectively. The

glucose and glycogen stores utilized from the MGGwould

provide metabolic fuel for a further 0.5-2 h of walking.

Therefore, considering that the red crabs spend a week or

more engaged in breeding activities on the terraces, the

glycogen stores used would only be sufficient to fuel a small

portion of the active metabolism; the remainder must be

supported by food intake (Greenaway and Linton, 1995;

Green, 1997).

Sampling of G. natalis during the migration has provided

unique information about the energy metabolism of these

crabs and their capacity to undertake the annual migration.

Perhaps surprisingly, it has become clear that the red crabs

undertake the annual migration with minimal reliance on

energy stores and support prolonged locomotion aerobi-

cally. In contrast, the recruitment of anaerobiosis by male

red crabs while defending and maintaining their burrows

indicates that these breeding activities are more energeti-

cally demanding than the actual migration. Above all, it

seems clear that migrating red crabs possess a physiological

capacity and exhibit physiological responses different from

those of the crabs held in the laboratory and from those of

non-migrating crabs in the field. Laboratory and further

field-based investigations of the regulation of their metab-

olism are now required, especially of possible seasonal

hormonal signals that might alter metabolic state.
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